Introduction {#S0001}
============

Gastrointestinal stromal tumors (GIST) are the most common sarcomas of the digestive tract.^[1](#CIT0001)^ The annual incidence is approximately 5000 in the United States.^[2](#CIT0002)^ GISTs are thought to be derived from interstitial cells of the Cajal, pacemaker cells of the intestine or their precursors.^[3](#CIT0003)^ GIST occurs most frequently in the stomach (60%), followed by the small intestine (25---35%) and colon (5%).^[1](#CIT0001),[4](#CIT0004),[5](#CIT0005)^ Activating mutations in *KIT* are present in 75--80% of patients, while 5--10% of patients harbor mutations in platelet-derived growth factor receptor alpha (*PDGFRA*).^[6](#CIT0006),[7](#CIT0007)^ Imatinib, a tyrosine kinase inhibitor first used in metastatic GIST in 2001 with a great success,^[8](#CIT0008)^ has dramatically improved the prognosis of GIST patients, with 80% clinical response.^[9](#CIT0009),[10](#CIT0010)^ However, imatinib was never curative for GIST. Probably due to secondary *KIT* or *PDGFRA* mutations, resistance often developed within 18 months of imatinib administration.^[11](#CIT0011),[12](#CIT0012)^ Sunitinib^[13](#CIT0013)^ or regorafenib^[14](#CIT0014)^ would then be recommended. However, their efficacy would last only for a few months. Hence, it is critical to find new treatment strategies to overcome resistance and treat patients with unresectable GIST.

The immune microenvironment plays an important role in the development of various tumors. Tertiary lymphoid structures (TLS) are ectopic lymphoid formations found in patients during chronic infections, graft rejections, autoimmune diseases, and tumors.^[15](#CIT0015)^ They consist of a T cell zone with a high density of DC-Lamp^+^ mature dendritic cells (DC) and a B cell follicular zone.^[16](#CIT0016)^ TLS may act as a nest for recruiting lymphocytes from the blood^[17](#CIT0017)-[19](#CIT0019)^ or have an anti-tumor role.^[16](#CIT0016)^ TLS has been associated with a favorable prognosis in most solid cancers, including non-small cell lung cancer (NSCLC),^[20](#CIT0020)^ pancreatic cancer,^[21](#CIT0021)^ colorectal cancer (CRC),^[19](#CIT0019)^ breast cancer^[22](#CIT0022)^ and melanomas.^[23](#CIT0023)^ Intra-tumoral TLS have been associated with positive clinical outcomes in patients with hepatocellular carcinomas, while peri-tumoral TLS have not.^[24](#CIT0024)^ However, the role of TLS in GIST had not been fully elucidated.

Using hematoxylin-eosin (H&E) staining, the prognostic significance of TLS in 187 patients with primary GIST treated with surgical resection was evaluated. These 187 patients were randomly divided into a discovery cohort (DC) with 118 patients and a validation cohort (VC) with 69 patients. We demonstrated that TLS was associated with lower future imatinib resistance, longer survival time and recurrence time and was an independent prognostic factor in patients with GIST.

Materials and methods {#S0002}
=====================

Patients and GIST samples {#S0002-S2001}
-------------------------

Two independent primary GIST patient cohorts (DC: n = 118; VC: n = 69) who underwent radical resections at Zhongshan Hospital of Fudan University between 2009 to 2014 were retrospectively reviewed and enrolled in this study. All patients did not receive imatinib prior to their surgery. Clinicopathologic features were not significantly different between the two cohorts (Supplementary Table S1). Informed signed written consent was obtained from each patient. Ethical approval was obtained from the Research Ethics Committee of Zhongshan Hospital (B2012-022).

Hematoxylin and eosin staining {#S0002-S2002}
------------------------------

Tumor samples were fixed in 4% paraformaldehyde solution and embedded in paraffin. GIST samples were then sliced into 4 μm sections. Deparaffinization and rehydration of the tissues were performed using xylene and ethanol respectively, followed by hematoxylin staining for 5 minutes and 1% acid ethanol for 3 seconds. The sections were then rinsed in distilled water and stained with eosin for 3 minutes. Dehydration and hyalinization were then subsequently performed. Sections were scanned using an automatic digital slide scanner Pannoramic MIDI (3DHISTECH, Hungary) and analyzed using the CaseViewer (3DHISTECH, Hungary).

Pathological examinations {#S0002-S2003}
-------------------------

The diagnosis was confirmed by two independent pathologists specialized in GIST in our institute. The following pathological features were recorded: primary tumor location, tumor size, mitosis rate, nuclear atypia, morphological classification, morphology, NIH classification, Ki67 and mutations. Morphological classifications were based on the criteria proposed by Professor Hou at our hospital.^[25](#CIT0025)^

Multiplexed immunohistochemistry staining {#S0002-S2004}
-----------------------------------------

Multiplexed immunohistochemistry staining was performed in some of the tumor samples. The samples were fixed in 4% paraformaldehyde solution and embedded in paraffin. Slides were made using 4 μm sections of the tumor samples. Deparaffinization and rehydration were performed with xylene and ethanol respectively, followed by microwave antigen retrieval using heated citric acid buffer (pH 6.0) for 10 minutes and endogenous peroxidase blocking in 3% H~2~O~2~ for 20 minutes. Goat serum (Vector, MP-7451) was used to block nonspecific binding sites. Afterward, relevant primary antibodies were incubated for 1 hour at room temperature, followed by the corresponding secondary antibodies (Vector, MP-7451; MP-7452) for 20 minutes. Slides were then incubated with fluorescein TSA plus for 10 minutes, after which microwave antigen retrieval was repeated with the above steps until the last antibody was added. After multiplexing, DAPI (Sigma, D9542) was used to stain the nuclei. Antibodies and fluorescent dyes used for multiplexing are listed in Supplementary Table S2. The slides were scanned by Vectra 3 automated high-throughput multiplexed biomarker imaging system (Perkin Elmer) and analyzed using the inform image analysis software (Perkin Elmer). Immune cells were classified into the following types: Regulatory T cells (Treg) (CD4^+^Foxp3^+^), Th1 cells (CD4^+^T-Bet^+^), Th2 cells (CD4^+^GATA3^+^), Th17 cells (CD4^+^RORγt^+^), CD8^+^T cells (CD8^+^), Tissue-resident memory T cells (Trm) (CD103^+^), plasma cells (PCs) (CD20^−^CD24^−^CD27^hi^CD38^hi^), B cells (CD20^+^), naive B cells (Bn) (CD20^+^CD27^−^IgM^+^), IgM^+^ memory B cells (IgM^+^ Bm) (CD20^+^CD27^+^IgM^+^), CD27^−^ isotype-switched memory B cells (CD27^−^ Sw Bm) (CD20^+^CD27^−^IgM^−^), and CD27^+^ isotype-switched memory B cells (CD27^+^ Sw Bm) (CD20^+^CD27^+^IgM^−^).

Statistical analysis {#S0002-S2005}
--------------------

Statistical analyzes were performed using the IBM SPSS Statistics 23 (SPSS Inc., Armonk, NY, USA) and GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) software. Pearson chi-square test was used to analyze the relationship between TLS and qualitative variables and Fisher's exact test was used when necessary. Multivariate analyzes were performed using Cox proportional hazards regression to identify independent prognostic factors. Kaplan-Meier analysis was used to compare differences after curative surgery for patient overall survival (OS) and time to recurrence (TTR). *P*-value \<0.05 was considered statistically significant.

Results {#S0003}
=======

Patient characteristics and TLS status {#S0003-S2001}
--------------------------------------

Detailed patient clinical characteristics are shown in Supplementary Table S1. There were 118 and 69 patients in our DC and VC respectively. 61% of the patients were male in the DC and 52% in the VC. 52% of the patients in the DC were above 60 years old, while 48% of the patients were above 60 years old in the VC. For patients in the DC, tumors were mostly located in the stomach (52%), followed by the small intestine (39%) and others (9%), and was similar to the VC. Most patients (approximately 78%) had tumors larger than 5 cm in both the cohorts, probably because that physical examinations were not popularized in China. Postoperative National Institutes of Health (NIH) classification indicated that high-risk patients were the majority, followed by low risk and medium risk patients. With regards to mutational status, most tumors had *KIT* mutations (83%), followed by *PDGFRA* mutations (about 10%) and wide type (WT) (about 7%) which were relatively less common in our cohorts and was consistent with previous reports. 69 patients in the DC were administered imatinib with 19 (27.5%) developing drug resistance. For patients in the VC, imatinib resistance occurred in 38.1% of 42 patients. Relapse and death occurred in 47 (39.8%) and 24 (20.3%) of patients in the DC respectively, and 25 (36.2%) and 16 (23.2%) of patients in the VC.

Tumor-infiltrating TLS were classified into three categories based on their morphology determined by H&E staining; 1) TLS^−^: no clusters of lymphocytes ([Figure 1a](#F0001)); 2) TLS Aggregates (Agg): small, quasi-circular clusters of lymphocytes ([Figure 1b](#F0001)); 3) TLS Follicles (FL): large clusters with (FL-II) or without (FL-I) germinal center formation ([Figure 1c](#F0001)). Ki-67 staining additionally confirmed the presence of a germinal center ([Figure 1d](#F0001)). We defined tumors with no TLS as TLS^−^ and tumors with one or more TLS as TLS^+^. Based on the classification criterion described above, we identified TLS in 53 tumors (44.9%), of which 39 patients (33%) were TLS Agg, 7 patients (5.95%) were TLS FL-I and 7 patients (5.95%) were TLS FL-II in our DC ([Figure 1e](#F0001)). In the VC, 33 patients (47.8%) and 36 patients (52.2%) were classified as TLS negative and positive respectively and consisted of 30 TLS Agg (43.5%) patients, 3 TLS FL-I (4.35%) patients and 3 TLS FL-II (4.35%) patients.10.1080/2162402X.2020.1747339-F0001Figure 1.The classification of tertiary lymphoid structure (TLS) in primary GIST.(a). Representative H&E image of TLS^−^ patients. Scale bar: 40 μm (left); 200 μm (right)(b). Representative H&E image of TLS Aggregates patients. (black dotted portion: TLS aggregates). Scale bar: 40 μm (left); 200 μm (right)(c). Representative H&E image of TLS Follicles patients. (black dotted portion: TLS Follicles; red dotted portion: germinal center). Scale bar: 40 μm (left); 200 μm (right)(d). Typical IHC staining of Ki67 in germinal center. (left: TLS aggregates; right, TLS Follicles). Scale bar: 400 μm.(e). TLS phenotype and frequency evaluated in discovery (left) and validation cohort (right). Proportions of TLS^−^, TLS Aggregates, Follicle I and Follicle II in GIST were summarized by pie chart.

TLS immune profiles in GIST patients {#S0003-S2002}
------------------------------------

To get a better understanding of TLS, we investigated the general composition of TLS in GIST patients using multiplexed immunohistochemistry staining. We found that TLS consisted of a CD4^+^ or CD8^+^ T cell zone in the outer layer and a CD20^+^ B cell zone in the inner layer ([Figure 2a](#F0002)). As for the specific immune cell subtypes, the TLS was mostly composed of CD4^+^ T cells, CD8^+^ T cells, Trm cells, and CD20^+^ B cells, while a relatively small percentage of Treg cells, Th1 cells, Th2 cells, Th17 cells, PCs, Bn cells, IgM^+^ Bm cells, CD27^−^ Sw Bm cells and CD27^+^ Sw Bm cells were observed ([Figure 2a](#F0002)). Trm cells were mostly localized in the outer layer of the TLS and were relatively close to tumor cells, which indicated that they may play a vital role in anti-tumor response.^[26](#CIT0026)^ Th2 cells were close to the B cell zone, which may be beneficial for the interaction of cellular and humoral immunity.^[27](#CIT0027)^ PCs were mostly located around the follicles, suggesting antibody production *in situ*.^[28](#CIT0028)^ However, the distribution of other cells, including Treg cells, Th1 cells, Th17 cells, Bn cells, IgM^+^ Bm cells, CD27^−^ Sw Bm cells and CD27^+^ Sw Bm cells, had no characteristic localization patterns.10.1080/2162402X.2020.1747339-F0002Figure 2.Immune profiles of TLS in GIST defined by multiplexed immunohistochemistry staining.(a). Representative 7-plex immunofluorescence image of T and B patterns of TLS follicles. Composite image (left) showing the colocalization staining pattern and the right panel shows a single-channel along. T cell panel 1 to show Treg cells (CD4^+^Foxp3^+^), Th17 cells (CD4^+^RORγt^+^), Th2 cells (CD4^+^GATA3^+^) and CD8^+^ T cells (CD8^+^). T cell panel 2 to show Trm cells (CD103^+^), Treg cells (CD4^+^Foxp3^+^), Th17 cells (CD4^+^RORγt^+^), Th2 cells (CD4^+^GATA3^+^) and Th1 cells (CD4^+^T-bet^+^). B cell panel to show plasma cells (PCs) (CD20^−^CD24^−^CD27^hi^CD38^hi^), B cells (CD20^+^), naive B cells (Bn) (CD20^+^CD27^−^IgM^+^), IgM^+^ memory B cells (IgM^+^ Bm) (CD20^+^CD27^+^IgM^+^), CD27^−^ isotype-switched memory B cells (CD27^−^ Sw Bm) (CD20^+^CD27^−^IgM^−^) and CD27^+^ isotype-switched memory B cells (CD27^+^ Sw Bm) (CD20^+^CD27^+^IgM^−^). Scale bars, 200 μm.(b). Representative images of five-color multiplex present immune profile in TLS^+^ patients, Scale bar: 200 μm.(c). Representative images of five-color multiplex present immune profile in TLS^−^ patients, Scale bar: 200 μm.

Heterogeneity of immune profiles between TLS^+^ and TLS^−^ GIST patients {#S0003-S2003}
------------------------------------------------------------------------

To better understand the differences in immune profiles between TLS^+^ and TLS^−^ patients, we performed multiplexed immunohistochemistry staining. Surprisingly, we found that TLS^−^ patients had a higher number of Treg cells and a lower number of B cells in the tumor area ([Figure 2b](#F0002),[c](#F0002)). This may partly explain why TLS^−^ patients had poor OS and TTR. However, we did not observe any differences in the number of CD8^+^ or CD4^+^ T cells (Supplementary Figure 1A).

Correlation between TLS and clinicopathological features in GIST patients {#S0003-S2004}
-------------------------------------------------------------------------

To evaluate the clinical importance of TLS in GIST, patients were divided into TLS^+^ and TLS^−^ groups. The association between clinicopathological features and the selected variables are summarized in [Table 1](#T0001). The presence of TLS was positively correlated with smaller tumor size (DC, *P* = .011; VC, *P* = .008), relatively well defined morphological classifications (*P* \< .001 for both cohort), lower NIH classification (DC, *P* \< .001; VC, *P* = .005), lower possibility to develop drug resistance (DC, *P* = .007; VC, *P* = .020), recurrence (DC, *P* = .005; VC, *P* = .003) and favorable survival (DC, *P* \< .001; VC, *P* = .004). However, the relationship between TLS and mitotic index (DC, *P* = .041; DC, *P* = .161) or mutational status were only significantly different in the DC (*P* = .011; VC, *P* = .056) but not in the VC. This may be due to the relatively small sample size in our VC.10.1080/2162402X.2020.1747339-T0001Table 1.The correlation between TLS and clinicopathological features in whole series (n = 187). Discovery cohort (n = 118) Validation cohort (n = 69) VariablesTLS^+^TLS^−^*P\**TLS^+^TLS^−^*P\**Gender (Male vs. Female)41/2431/220.61121/1515/180.285Age (years) (≤60 vs. \>60)32/3329/240.55320/1619/140.866Site (Gastric vs. Small intestine vs. Others)34/27/427/19/70.41319/14/317/12/40.982Tumor size (cm) (≤5 vs. \>5)20/456/470.01113/233/300.008Mitotic index (/50HPF) (≤5 vs. \>5)29/3614/390.04118/1811/220.161Nuclear atypia (Mild vs. Moderate or Distinct)44/2128/250.10025/1123/100.982Morphological classification (Low vs. Borderline vs. High)24/23/187/10/35\<0.0016/17/133/3/27\<0.001Morphology (Spindle vs. Epithelioid vs. Mixed)44/9/1241/3/80.28823/4/926/2/50.393NIH classification (Low vs. Medium vs. High)15/4/461/1/51\<0.00110/4/221/1/310.005Mutation (*KIT* vs. *PDGFRA*)50/1148/10.01127/730/10.056(*KIT* vs. WT)50/448/4\>0.99927/230/2\>0.999(*PDGFRA* vs. WT)11/41/40.1097/21/20.236Ki67 (%)^\#^(\<5 vs. ≥5)25/2517/250.36114/148/160.225Drug resistance (Yes vs. No)3/2616/240.0072/1314/130.020Recurrence (Yes vs. No)18/4729/240.0057/2918/150.003Death (Yes vs. No)5/6019/34\<0.0013/3313/200.004[^2][^3][^4]

TLS predicts future imatinib resistance {#S0003-S2005}
---------------------------------------

Resistance to imatinib usually occurs after GIST therapy. Hence, patients in the DC and VC who were administered imatinib after surgery were selected to determine whether imatinib resistance was associated with TLS. Surprisingly, we found that most patients who developed imatinib resistance were TLS^−^ ([Figure 3a](#F0003),[b](#F0003)), however, there were no differences in the number of TLS^−^ or TLS^+^ patients who did not develop resistance ([Table 3](#T0003), [Figure 3b](#F0003)). Interestingly, patients categorized with TLS Follicles never developed imatinib resistance in both the DC and VC ([Figure 3b](#F0003)). This suggested that TLS maturity may correlate with future imatinib resistance. Furthermore, we found that TLS^−^ patients were more likely to develop drug resistance in the future (DC, *P* = .006; VC, *P* = .014), which may suggest that the immune system in these patients may play a protective role in preventing imatinib resistance ([Table 2](#T0002)). In addition, imatinib resistance was significantly associated with clinical outcomes of recurrence (*P* \< .0001 in both cohorts) and death (*P* \< .0001 in both cohorts) ([Table 2](#T0002)).10.1080/2162402X.2020.1747339-T0002Table 2.The correlation between imatinib resistance and clinicopathological features. DC drug resistance VC drug resistance VariablesNoYes*P*\*NoYes*P*\*Gender(Male vs. Female)28/2213/60.34813/1310/60.429Age (years)(≤60 vs. \>60)28/228/110.30218/87/90.102Site(Gastric vs. Small intestine vs. Others)25/21/46/7/60.05111/14/15/6/50.064Tumor size (cm)(≤5 vs. \>5)9/412/170.4493/232/141.000Mitotic index (/50HPF)(≤5 vs. \>5)12/383/160.5347/193/130.715Nuclear atypia(Mild vs. Moderate or Distinct)26/2411/80.66117/910/60.850Morphological classification(Low vs. Borderline vs. High)8/13/292/1/160.1071/4/212/0/140.196Morphology(Spindle vs. Epithelioid vs. Mixed)39/3/813/2/40.64125/0/511/2/30.286NIH classification(Low vs. Medium vs. High)3/0/470/0/190.5561/0/250/0/161.000Mutation(*KIT* vs. *PDGFRA* vs. WT)48/0/266/1/20.33025/0/115/1/00.623Ki67 (%)^\#^(\<5 vs. ≥5)16/243/100.3306/153/81.000TLS(Positive vs. Negative)26/243/160.00613/132/140.014Recurrence(Yes vs. No)37/1319/0\<0.00122/416/0\<0.001Death(Yes vs. No)4/4613/6\<0.0010/2613/3\<0.001[^5][^6][^7] 10.1080/2162402X.2020.1747339-T0003Table 3.Univariate and multivariate analyses of clinicopathological features and overall survival and time to recurrence in whole series (n = 187). Discovery cohort (n = 118)Validation cohort (n = 69) OSTTROSTTRVariableHR (95%CI)*P*HR (95%CI)*P*HR (95%CI)*P*HR (95%CI)*P*Univariate analysis        Gender\
Male vs. Female        0.754(0.322--1.761)0.5140.630(0.337--1.179)0.1480.617(0.224--1.700)0.3510.688(0.309--1.533)0.361Age (years)\
≤60 vs. \>60        3.628(1.440--9.143)0.0061.743(0.973--3.122)0.0623.204(1.113--9.223)0.0312.176(0.973--4.863)0.058Site\
Gastric vs. Small intestine vs. Others        2.045(1.165--3.588)0.0132.015(1.341--3.027)0.0011.785(0.899--3.546)0.0982.278(1.324--3.919)0.003Tumor size (cm)\
≤5 vs. \>5        3.455(0.812--14.697)0.0932.908(1.149--7.355)0.0242.404(0.546--10.594)0.2464.261(1.004--18.088)0.049Nuclear abnormities\
Mild vs. Moderate or Distinct        2.269(1.007--5.109)0.0481.630(0.919--2.892)0.0951.794(0.666--4.828)0.2472.061(0.932--4.561)0.074Mitotic index (/50HPF)\
≤5 vs. \>5        4.619(1.377--15.495)0.0134.875(2.067--11.497)\<0.0016.515(1.474--28.792)0.0137.315(2.181--24.528)0.001Morphology classification\
Low vs. Borderline vs. High        2.319(1.235--4.354)0.0091.847(1.237--2.759)0.0031.916(0.791--4.642)0.1502.285(1.084--4.816)0.030Morphology\
Spindle vs. Epithelioid vs. Mixed        1.212(0.743--1.979)0.4410.892(0.601--1.323)0.5701.046(0.569--1.923)0.8850.821(0.489--1.380)0.458NIH classification\
Low and Medium vs. High        6.625(0.544--80.665)0.1383.988(1.328--11.978)0.0148.037(0.473--136.677)0.1498.280(0.896--76.498)0.062Postoperative imatinib treatment        Yes vs. No1.802(0.747--4.348)0.1901.575(0.853--2.909)0.1473.220(0.914--11.342)0.0693.285(1.230--8.773)0.018Ki67 (%)^\#^\
\<5 vs. ≥5        2.126(0.749--6.037)0.1572.640(1.269--5.493)0.0091.538(0.463--5.112)0.4821.938(0.735--5.108)0.181Mutation\
*KIT* vs. *PDGFRA* vs. WT\
*KIT* vs. Non-*KIT*\
*PDGFRA* vs. Non-*PDGFRA*        0.849(0.329--2.189)0.7350.833(0.424--1.637)0.5961.097(0.354--3.394)0.8730.956(0.399--2.291)0.9202.422(0.569--10.304)0.2312.386(0.856--6.651)0.0963.488(0.460--26.450)0.2276.265(0.845--46.444)0.0730.039(0.000--5.835)0.2050.123(0.017--0.895)0.0380.039(0.000--15.470)0.2870.038(0.000--3.850)0.165Drug resistance        Yes vs. No13.132(4.255--40.527)\<0.00116.833(6.869--41.251)\<0.001363.123(0.884--149227.953)0.05541.974(8.948--196.907)\<0.001TLS\
Positive vs. Negative        0.181(0.067--0.484)0.0010.397(0.220--0.719)0.0020.172(0.049--0.606)0.0060.278(0.116--0.668)0.004Multivariate analysis        Age (years)\
≤60 vs. \>60        3.502(1.295--9.474)0.014NANA3.167(1.088--9.223)0.0352.997(1.246--7.207)0.014Site\
Gastric vs. Small intestine vs. Others        1.678(0.942--2.989)0.0791.796(1.055--3.057)0.031NANA3.091(1.504--6.353)0.002Tumor size (cm)\
≤5 vs. \>5        NANA2.154(0.674--6.888)0.196NANA0.757(0.146--3.910)0.740Nuclear abnormities\
Mild vs. Moderate or Distinct        1.071(0.459--2.499)0.875NANANANANANAMitotic index (/50HPF)\
≤5 vs. \>5        3.373(0.915--12.433)0.0687.872(1.517--40.854)0.0145.134(1.091--24.165)0.0389.684(2.326--40.315)0.002Morphology classification\
Low vs. Borderline vs. High        0.879(0.414--1.867)0.7370.879(0.505--1.531)0.649NANA0.533(0.240--1.184)0.122NIH classification\
Low vs. Medium vs. High        NANA1.156(0.332--4.025)0.820NANANANAPostoperative imatinib treatment        Yes vs. No0.676(0.249--1.839)0.4430.486(0.214--1.102)0.0840.958(0.233--3.936)0.9530.868(0.262--2.881)0.817Ki67 (%)^\#^\
\<5 vs. ≥5        NANA1.346(0.604--2.997)0.467NANANANATLS\
Positive vs. Negative        0.180(0.061--0.534)0.0020.412(0.192--0.887)0.0230.219(0.056--0.862)0.0300.193(0.066--0.558)0.002[^8][^9][^10] 10.1080/2162402X.2020.1747339-F0003Figure 3.Differences of TLS phenotype between imatinib resistant patients and non-imatinib resistant patients.(a). Representative H&E images in imatinib resistant (upper panel) and non-imatinib resistant patients (bottom panel). Scale bar: 40 μm (left); 200 μm (right).(b). Proportions of TLS^−^, Aggregates, Follicle I and Follicle II in our discovery cohort (upper panel) and validation cohort (bottom panel).(c). Kaplan-Meier curves of drug resistant time in patients with TLS^+^ and TLS^−^ (left, discovery cohort; right, validation cohort).

We then analyzed the relationship between drug-resistant time and TLS phenotype. We observed that TLS^+^ patients had longer drug-resistant times compared to TLS^−^ patients (DC, *P* = .0075; VC, *P* = .0171) ([Figure 3c](#F0003)).

To determine the cell type that may contribute to future imatinib resistance, we analyzed the composition of TLS between imatinib-resistant and nonresistant patients. Interestingly, we found that imatinib-resistant patients had more Treg cells and CD20^+^ B cells and lower CD8^+^ T cells in the TLS (Supplementary Figure 1B and 1C). This suggested that Treg cells and CD20^+^ B cells may contribute to imatinib resistance while a lower number of CD8^+^ T cells may be a risk factor of future imatinib resistance. However, we did not observe any differences in the number of CD4^+^ T cells (Supplementary Figure 1B and 1C).

Prognostic significance of TLS in GIST patients {#S0003-S2006}
-----------------------------------------------

To evaluate the prognostic value of TLS in GIST patients, Kaplan-Meier curves were performed. We observed that TLS^+^ patients had better OS (DC, *P* = .0002; VC, *P* = .0019) and TTR (DC, *P* = .0015; VC, *P* = .0021) compared to TLS^−^ patients ([Figure 4a](#F0004),[b](#F0004), left). Furthermore, significant differences in survival and recurrence were observed in Agg, FL-I and FL-II TLS subgroups ([Figure 4a](#F0004),[b](#F0004), right). In the DC, the median OS and TTR were 66 months and 53 months for TLS negative, 82 months and 69 months for TLS Agg, 74 months and 68 months for TLS FL-I, and 94 months and 78 months for TLS FL-II.10.1080/2162402X.2020.1747339-F0004Figure 4.Prognostic significance of TLS phenotypes of in GIST patients.(a). Kaplan-Meier analysis of overall survival (OS) and time to recurrence (TTR) in discovery cohort according to TLS phenotypes (n = 118).(b). Kaplan-Meier analysis of OS and TTR in validation cohort according to TLS phenotypes (n = 69).

To further exclude the possible impact of imatinib, multivariate cox regression analyzes were performed, which indicated that imatinib was not an independent factor for OS and TTR (OS: DC, HR:0.676, *P* = .443; VC, HR:0.958, *P* = .953) (TTR: DC, HR:0.486, *P* = .084; VC, HR:0.868, *P* = .817) ([Table 3](#T0003)). In addition, we analyzed the OS and TTR in patients who had a history of imatinib usage after surgery. Similar results were observed and were summarized in [Figure 5](#F0005).10.1080/2162402X.2020.1747339-F0005Figure 5.Prognostic significance of TLS phenotypes in GIST patients with the history of postoperative imatinib usage.(a). Kaplan-Meier analysis of overall survival (OS) and time to recurrence (TTR) in discovery cohort according to TLS phenotypes (n = 69).(b). Kaplan-Meier analysis of OS and TTR in validation cohort according to TLS phenotypes (n = 42).

We then analyzed the number, density, and location of TLS. The presence of TLS was associated with a better OS and TTR, no matter located in the tumor or peri-tumor region (Supplementary Figure 2). With regards to the number and density of TLS, we observed that patients with a large number or high density of TLS had a better OS and TTR compared to patients with small number or low density of TLS (Supplementary Figure 3).

In addition, univariate cox regression analyzes for the two cohorts were performed. We observed that age (DC, HR:3.628, *P* = .006; VC, HR:3.204, *P* = .031), mitotic index (DC, HR:4.619, *P* = .013; VC, HR:6.515, *P* = .013) and TLS (DC, HR:0.181, *P* = .001; VC, HR:0.172, *P* = .006) were significantly associated with OS in GIST ([Table 3](#T0003)). Multivariate cox regression analyzes identified age (DC, HR:3.502, *P* = .014; VC, HR:3.167, *P* = .035) and TLS (DC, HR:0.180, *P* = .002; VC, HR:0.219, *P* = .030) as independent prognostic factors for OS ([Table 3](#T0003)).

With regards to TTR, univariate cox regression analyzes identified primary tumor location (DC, HR:2.015, *P* = .001; VC, HR:2.278, *P* = .003), tumor size (DC, HR:2.908, *P* = .024; VC, HR:4.261, *P* = .049), mitotic index (DC, HR:4.875, *P* \< .001; VC, HR:7.315, *P* = .001), morphology classification (DC, HR:1.847, *P* = .003; VC, HR:2.285, *P* = .030), drug resistance (DC, HR:16.833, *P* \< .001; VC, HR:41.974, *P* \< .001) and TLS (DC, HR:0.397, *P* = .002; VC, HR:0.278, *P* = .004) as clinicopathologic factors that correlated with TTR ([Table 3](#T0003)). Furthermore, multivariate analyzes identified that mitotic index (DC, HR:7.872, *P* = .014; VC, HR:9.684, *P* = .002) and TLS (DC, HR:0.412, *P* = .023; VC, HR:0.193, *P* = .002) were independent indicators for TTR ([Table 3](#T0003)).

We then evaluated the prognostic value of TLS phenotypes in both our cohorts (the combination of discovery and validation cohorts). Our results demonstrated that the presence of TLS was a valuable prognostic factor for post-operative survival in GIST patients, no matter located in the tumor or peri-tumor region (Supplementary Figure 4 and 5).

Mutational status combined with TLS predicts future clinical outcomes {#S0003-S2007}
---------------------------------------------------------------------

Mutational status has been the hallmark for most GIST patients.^[29](#CIT0029)^ Hence, we analyzed the relationship between mutational status and TLS. Differences in TLS morphology were not found in patients with *KIT* mutations ([Figure 6a](#F0006)), *PDGFRA* mutations ([Figure 6b](#F0006)) and WT genotypes ([Figure 6c](#F0006)). We then analyzed the percentages of TLS^+^ patients with different mutations and observed that patients with *PDGFRA* mutations were more likely to have TLS compared to patients with *KIT* mutations or WT genotypes ([Figure 6d](#F0006)). Kaplan-Meier curves were then generated based on the combination of mutational and TLS status. Patients were categorized into three groups (Group I, *KIT* mutations and TLS^−^; Group III, *PDGFRA* mutations and TLS^+^; Group II, others). Significant differences in survival and recurrence were observed for the different subgroups. Group III had the best prognosis for OS (*P* = .0029) and TTR (*P* = .0150) while Group I had the worst prognosis ([Figure 6e](#F0006)). Similar results were observed in our validation cohort ([Figure 6f](#F0006)).10.1080/2162402X.2020.1747339-F0006Figure 6.Association of mutation status with TLS phenotype in GIST patients.(a). Representative H&E images in *KIT* mutation patients. Scale bar: 40 μm (left), 200 μm (right).(b). Representative H&E images in *PDGFRA* mutation patients. Scale bar: 40 μm (left), 200 μm (right).(c). Representative H&E images in WT patients. Scale bar: 40 μm (left), 200 μm (right).(d). The percentages of TLS positive patients and TLS negative patients in different mutation status in discovery cohort and validation cohort.(e). Kaplan-Meier analysis of OS (left) and TTR (right) in patients with group III: *KIT* mutation and TLS^−^ (blue), group I: *PDGFRA* mutation and TLS^+^ (red), group II: others (green) in discovery cohort.(f). Kaplan-Meier analysis of OS (left) and TTR (right) in patients with group III: *KIT* mutation and TLS^−^ (blue), group I: *PDGFRA* mutation and TLS^+^ (red), group II: others (green) in validation cohort.

Discussion {#S0004}
==========

The tumor microenvironment had been intensely investigated in recent years, especially the immune microenvironment. TLS provides a local and essential microenvironment for both the innate and acquired immune system to eliminate tumor cells.^[30](#CIT0030)^ It is considered an indicator of favorable clinical outcomes in virtually most patients with solid tumors.^[31](#CIT0031),[32](#CIT0032)^ TLS has been demonstrated to orchestrate a Th1 cell-polarized and cytotoxic CD8^+^ T cell anti-tumor immune response in NSCLC.^[33](#CIT0033)^ In addition, TLS has been associated with lymphatic invasion, increased pathological nodal stages and nodal involvement in some tumors.^[34](#CIT0034)^ TLS has even been detected in metastases in parallel with primary tumors.^[35](#CIT0035)^ In addition, the presence of TLS with desmoplastic melanomas have a higher response rate to PD-1 blockade.^[36](#CIT0036)^ High proportions of regulatory T cells (Treg) in TLS are thought to control the extent and activation of CD4+ and CD8+ T cell infiltrates and correlate with poor prognosis^[37](#CIT0037)^ whereas depletion of Treg cells leads to exacerbation of the disease and increased tumor infiltration by CD4+ and CD8+ T cells and macrophages.^[38](#CIT0038)^

In the present study, we demonstrate for the first time that the presence of TLS in GIST correlated with favorable tumor characteristics, including smaller tumor size, well morphological classifications, lower NIH classifications, and lower imatinib resistance. This indicated that TLS may contribute to effective anti-tumoral immune responses by promoting local antigen presentation and lymphocyte differentiation. Mature dendritic cells (DCs) present antigens to CD4^+^ T cells to activate cellular immunity in the T cell zone,^[39](#CIT0039)^ while DC-LAMP^+^ DCs in the germinal center present antigens to B cells to induce humoral immunity.^[40](#CIT0040)^ B cells could also present antigens to CD8^+^ T cells, possibly through CD80 and CD40 receptors on B cells. This replaces the need for CD4^+^ T cells to transmit signals to CD8^+^ T cells for anti-tumor responses.^[41](#CIT0041)--[43](#CIT0043)^ Interestingly, intravenous injection of GFP splenocytes in mouse models results in the homing of lymphocytes to the TLS. This suggests an active role of TLS in the recruitment of lymphocytes to tumor regions,^[19](#CIT0019)^ and may partly explain our findings.

To gain a better understanding of TLS in GIST patients, we performed multiplexed immunohistochemistry staining. TLS was mostly composed of a T cell zone in the outer layer and a B cell zone in the inner layer. With regards to immune cell subtypes, CD4^+^ T cells, CTL, Trm cells and CD20^+^ B cells accounted for the majority while Treg cells, Th1 cells, Th2 cells, Th17 cells, PCs, Bn cells, IgM^+^ Bm cells, CD27^−^ Sw Bm cells and CD27^+^ Sw Bm cells accounted for a small percentage. We then analyzed the immune profiles in TLS^+^ and TLS^−^ patients. TLS^+^ patients had a higher number of B cells and a lower number of Treg cells in the intra-tumor regions. B cells localized in the TLS were observed to have high expression levels of activation-induced deaminase (AID), BCL-6 and activation of isotypic switch machinery, which are responsible for the generation of effector B cells differentiating into plasma cells and memory B cells to maintain a long-term immune response.^[35](#CIT0035)^ Furthermore, PD-1^hi^CD8^+^ T cells, PD-1^hi^CD4^+^ T~FH~ cells and DC-LAMP^+^ DCs were observed in the follicular B cell zone of TLS.^[40](#CIT0040),[44](#CIT0044)^ This likely indicated an essential role of the TLS in promoting an interaction of T and B cells to generate an effective anti-tumor response.^[40](#CIT0040),[44](#CIT0044)^

Imatinib significantly improves the prognosis of GIST patients,^[11](#CIT0011)^ however, imatinib resistance is an inevitable consequence. Hence, we analyzed the relationship between TLS and imatinib resistance. Surprisingly, we found that patients with TLS were less likely to develop imatinib resistance, indicating that the immune system could influence the development of imatinib resistance. In addition, we analyzed the immune profiles of TLS in imatinib-resistant and non-imatinib resistant patients. We observed that patients with imatinib resistance had a larger number of Treg and B cells and a lower number of CD8^+^ T cells in the TLS. This further demonstrated that immune cells were responsible for the development of imatinib resistance. Additional studies are needed to determine whether targeting the immune system could be a strategy to avoid imatinib resistance.

Immune checkpoint therapy, which has achieved a great success in lung cancer^[45](#CIT0045)^ and melanomas,^[46](#CIT0046)^ is thought to be effective in microsatellite instable patients.^[47](#CIT0047)^ Tumors with high TILs are thought to be a good predictor for sensitivity to immune checkpoint therapies, as they could promote *in situ* anti-tumor response and reverse immune escape mechanisms.^[24](#CIT0024)^ Therapies to block PD-1 and PD-L1, which could rescue exhausted CD8^+^ T cells via the PI3 K/Akt/mTOR signaling pathway,^[48](#CIT0048)^ had shown promising results in combination with imatinib for treating GIST.^[49](#CIT0049)^ Depending on CD8^+^ T cells, the combination of anti-CD40 drugs and imatinib has also been an effective strategy for treating GIST patients.^[50](#CIT0050)^ The combination of antiangiogenic and anti-PD-L1 therapies have been shown to increase TLS formation in breast and neuroendocrine pancreatic cancer patients.^[51](#CIT0051)^ In contrast, caution is advised when administrating corticosteroids to manage chemotherapy side effects, as it could decrease the density of TLS in patients with lung squamous cell carcinomas.^[52](#CIT0052)^ These findings are valuable to help us develop immunotherapies that specifically enables the formation of TLS to improve the prognosis of patients with GIST.

It is reported that the genomic alterations are associated with anti-tumor immunity and tumor mutation burdens, by promoting the generation of tumor neo-antigens, which is thought to be a major origin of adaptive immune responses.^[47](#CIT0047),[53](#CIT0053),[54](#CIT0054)^ In patients with stage II/III non-metastatic colorectal carcinoma (nmCRC), TLS has been shown to be significantly associated with high-microsatellite-instability (MSI-H) and BRAF-mutant nmCRC, which may be through the production of immunogenic epitopes.^[55](#CIT0055)^ The presence of gene mutations is an important characteristic associated with GIST patients. We analyzed the combinational effects of these mutations and TLS in clinical outcomes. To our surprise, patients with *PDGFRA* mutations and positive TLS had the best prognosis for OS and TTR, while patients with *KIT* mutations and negative TLS had the worst prognosis for OS and TTR. The reason may be that patients with *PDGFRA* mutations are more likely to be TLS positive. This is consistent with a previous study that demonstrated immune cells were more numerous and had higher cytolytic activity in *PDGFRA*-mutant GISTs compared to *KIT*-mutant GISTs.^[56](#CIT0056)^

Despite of the promising result, we still had some limitations in our study. Unfortunately, we did not have any results referring to the mechanism why TLS could influence the imatinib resistance and prognosis of GIST. Additional studies are required to determine how TLS originates and the exact role of TLS in the tumor microenvironment.

In conclusion, our present study demonstrated that the presence of tumor-infiltrating TLS was an independent prognostic factor for both OS and TTR. Furthermore, TLS was associated with lower imatinib resistance, longer survival and recurrence time after surgery. This indicated that TLS may have active anti-tumor activity and prevent anti-imatinib resistance. As drug resistance is becoming a severe problem for the treatment of patients with GIST, additional studies are urgently needed to determine whether patients with TLS could benefit from immune therapy or whether TLS could be induced to extend GIST patient survival.
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[^2]: Abbreviation: NIH, National Institutes of Health; *PDGFRA*, Platelet-derived growth factor receptor alpha; WT, Wide Type.

[^3]: Pearson chi-square tests or Fisher's exact tests for all the other analysis.

[^4]: **^\#^** Available in 92 cases in discovery cohort and 52 cases in validation cohort.

[^5]: Abbreviation: NIH, National Institutes of Health; PDGFRA, Platelet-derived growth factor receptor alpha; WT, Wide Type.

[^6]: \*Pearson chi-square tests or Fisher's exact tests for all the other analysis.

[^7]: **^\#^** Available in 92 cases in discovery cohort and 52 cases in validation cohort.

[^8]: Abbreviation: NIH, National Institutes of Health; PDGFRA, Platelet-derived growth factor receptor alpha; WT, Wide Type.

[^9]: Cox regression analyzes were done for all the above data.

[^10]: **^\#^** Available in 92 cases in discovery cohort and 52 cases in validation cohort.
